Immunotherapies are at the forefront of the fight against cancers, and researchers continue to develop and test novel immunotherapeutic modalities. Ideal cancer immunotherapies induce a patient's immune system to kill their own cancer and develop long-lasting immunity. Research has demonstrated a critical requirement for CD8 + and CD4 + T cells in achieving durable responses. In the path to the clinic, researchers require robust tools to effectively evaluate the capacity for immunotherapies to generate adaptive anti-tumor responses. To study functional tumor-specific T cells, researchers have relied on targeting tumor-associated antigens (TAAs) or the inclusion of surrogate transgenes in pre-clinical models, which facilitate detection of T cells by using the targeted antigen(s) in peptide re-stimulation or tetramer-staining assays. Unfortunately, many pre-clinical models lack a defined TAA, and epitope mapping of TAAs is costly. Surrogate transgenes can alter tumor engraftment and influence the immunogenicity of tumors, making them less relevant to clinical tumors. Further, some researchers prefer to develop therapies that do not rely on pre-defined TAAs. Here, we describe a method to exploit major histocompatibility complex expression on murine cancer cell lines in a co-culture assay to detect T cells responding to bulk, undefined, tumor antigens. This is a tool to support the preclinical evaluation of novel, antigen-agnostic immunotherapies.
INTRODUCTION
Immunotherapies for the treatment of cancers rely on unlocking the potential of a patient's immune system to kill neoplastic cells. The strategies to accomplish this are diverse, but generally rely on activating T cell clones capable of targeting tumor-associated antigens (TAAs). Notably, conventional T cells are emphasized as key effectors because high numbers of these infiltrating the tumor microenvironment correlates with improved prognosis. 1 One way to induce tumor-specific T cells is with oncolytic virotherapy, highlighted by US Food and Drug Administration (FDA) approval of the recombinant herpesvirus talimogene laherparepvec (T-Vec). 2 Oncolytic viruses (OVs) are multimodal anticancer agents that can directly target and kill tumor cells in an immunogenic fashion, culminating in the release of tumor antigens and danger signals that promote inflammation, recruit immunological effector cells, and stimulate anticancer immunity. 3 Elucidating the mechanisms by which OVs induce antitumor immune responses, particularly T cell responses, is of considerable interest to researchers who aim to provide durable cures and induce immunological memory. Moving forward, it is critical that researchers possess a comprehensive toolbox for evaluating tumor-specific T cell responses in pre-clinical models of immunotherapies that are destined for the clinic.
Assessment of functional tumor-specific T cell responses currently relies on techniques centered around defined target antigens. For some preclinical models, antigens have been well-characterized, such as dopachrome tautomerase (DCT; tyrosinase-related protein-2) for melanomas. 4 For models where no tumor antigen has been defined, exogenous surrogate antigens like ovalbumin 5, 6 can be stably introduced to tumor cell lines and used to evaluate T cell responses through ex vivo peptide re-stimulation or tetramer staining. Despite their usefulness in this regard, exogenous antigens can alter immunogenicity of cancer cell lines, which impacts engraftment and immunoediting as tumors develop. In addition, surrogate antigens should not be expected to engage the T cell compartment in the same way as endogenous tumor antigens.
Both techniques of either directly targeting a defined tumor antigen or introducing a model antigen enable researchers to monitor T cells responding to those antigens in circulation. Blood sampling is nonlethal and, therefore, T cell responses can be examined during the course of treatment and correlated with important outcomes such as tumor growth and survival. For tumor models that lack defined tumor antigens or surrogate antigens, researchers often sacrifice animals and enumerate T cells directly in tumor tissues by flow cytometry. 7 Also, many researchers are concerned about antigendirected therapies being limited to patients with cancers that express the target(s). To circumvent this, many prefer the concept of antigen-agnostic immunotherapies that allow each patient's immune system to determine its own antigen specificities. 8 Detecting primary tumor-specific T cell responses following immunotherapy is challenging because they are generally of low magnitude since many tumor antigens are self-derived. Tumor neoantigens are developed through multiple mechanisms, including the accumulation of mutations left unchecked by abnormal DNA repair machinery in cancer cells, and represent altered-self proteins that can be recognized by T cells that escaped negative selection in the thymus. 9, 10 Cancers that have a high neoantigen load have been shown to respond better to immunotherapies, including checkpoint inhibitors, providing strong evidence that T cell responses against neoantigens are functional. [11] [12] [13] We reasoned that tumor cell lines used to generate preclinical transplantable tumor models in mice would contain relevant tumor antigens and/or neoantigens capable of engaging the T cell compartment. Autologous tumor cells would thus serve as sources of antigens for detecting tumor-specific T cells in circulation following immunotherapy, such as oncolytic virotherapy and infected cell vaccine strategies, without the need to previously define a target tumor antigen.
Recognition of tumor antigens by T cells relies on efficient loading of major histocompatibility complex (MHC) molecules with antigens and their transport to the cell surface. CD8 + and CD4 + T cells recognize antigens in the context of MHC class I and II, respectively. Tumors frequently downregulate expression of MHC molecules to escape elimination by the immune system. 14, 15 It has been demonstrated that interferon (IFN)g is a driver of MHC class I expression and subsequent antigen recognition. 16 IFNg-mediated upregulation of MHC class I is critical for recognition of targets by CD8 + T cells, 17 and increasing attention is being placed on mechanisms to induce MHC class I expression on deficient tumors to improve immunotherapies.
14 Accordingly, recombinant (r)IFNg has been used to increase expression of MHC class I on melanomas in a phase II trial. 18 Interestingly, although expression of MHC class II is typically associated with antigen-presenting cells, some cancer cells can also upregulate expression of this molecule in response to IFNg. 18 We developed a method to detect tumor-specific T cell responses in murine preclinical models of cancers with undefined target antigens. rIFNg was used to induce expression of MHC molecules on murine cancer cell lines, rendering them capable of presenting bulk tumor antigens to T cells ex vivo for quantification by flow cytometry. Flow cytometry: manufacturer recommendations should be followed to set up a flow cytometer for multi-color analysis.
MATERIALS

PROCEDURE
For an experimental workflow, see Figure 1 .
Timing
To maximize the sensitivity of this assay, blood should be collected from mice at the peak of the T cell response, which is often z7-12 days following treatment, depending on the therapy.
Seeding Tumor Cells and Pre-treatment with IFNg
Culture tumor cells in flasks or plates to 80%-90% confluency Tumor cell lines for this research were obtained directly from American Type Culture Collection (ATCC). To assure reproducibility, cell lines were expanded in isolation from other cell lines immediately upon arrival, and many aliquots were frozen to create a low-passage lab stock from which project-specific stocks were made.
All cell lines were confirmed mycoplasma-free using the MycoAlert PLUS Mycoplasma Detection Kit (Lonza, Basel, Switzerland, Cat# LT07-705) Detach cells using trypsin, re-suspend in cDMEM, and enumerate using a counting chamber Incubate tumor cells at 37 C, 5% CO 2 for 48 h Duration of pre-treatment with rIFNg will vary depending on the cell line and should be optimized to maximize MHC expression. Some cell lines may require longer pre-treatment (up to 72 h), and others require no pre-treatment if high levels of MHC molecules are constitutively expressed.
Blood Collection and Processing
Collect blood (100-200 mL is recommended) from mice in 1.5 mL microfuge tubes containing 5 mL heparin (3 mg/mL of HBSS) to prevent clotting
The amount of blood that is collected correlates with the sensitivity of the assay, and the number or proportion of antigen-specific T cells can be low with many immunotherapies. Therefore, it is recommended that the maximum volume of blood allowed by the institutional animal care committee guidelines be acquired. The work presented here was approved by the University of Guelph Animal Care Committee (Animal Utilization Protocol #3807) and adhered to the policies published by the Canadian Council on Animal Care.
Immediately put blood samples on ice
Transfer blood to FACS tubes and record the blood volume from each sample Add 2 mL ACK lysing buffer and incubate for 5 min at room temperature to remove erythrocytes Add 2 mL HBSS to stop lysis Centrifuge at 500 Â g for 5min
Remove supernatant and re-suspend cell pellet in 1 mL ACK lysing buffer; incubate for 5 min at room temperature to remove residual erythrocytes Add 2 mL HBSS to stop lysis Centrifuge at 500 Â g for 5 min
Re-suspend in 300 uL of cRPMI containing 2-mercaptoethanol and antibiotics
Co-culturing Tumor Cells and Blood-Derived Leukocytes
Centrifuge the 96-well U-bottom plate containing tumor cells at 500 Â g for 5 min and remove supernatant Transfer 150 mL blood-derived leukocytes to wells containing tumor cells
Transfer remaining 150 mL processed leukocytes to an empty well This serves as a negative control for each blood sample and is used to remove background during analysis
Additional controls:
Positive control: include one extra blood sample stimulated with a combination of PMA (10 ng/mL) and ionomycin (1.5 mg/mL) at the time of plating. This serves as a control to ensure the downstream staining protocol worked.
Confirmation of MHC expression: additional tumor cells with and without rIFNg-mediated re-stimulation should be stained with MHC class I and II-specific antibodies to confirm MHC expression in each experiment.
Optional: add anti-CD107a to each well to assess degranulation
Incubate at 37 C, 5% CO 2 for 1 h Add 4ÂBrefeldin A in 50 mL cRPMI/well for a total volume of 200 mL/well
Continue incubation for 4 h
Staining for Surface and Intracellular Markers
Centrifuge plate at 500 Â g for 5 min, remove supernatant by rapid inversion of the plate followed by blotting on absorbent paper, and then re-suspend the cells by gently tapping the side of the upright plate. This method relies on the ability of cancer cell lines to present tumor antigens in the context of MHC class I and II to CD8 + and CD4 + T cells, respectively. Therefore, it is critical to determine the capacity for the cancer cell line of interest to express MHC molecules either at baseline or in response to stimulation with rIFNg. We analyzed expression of MHC class I and class II on several transplantable tumor cell lines from BALB/c and C57BL/6 mouse strains by flow cytometry, with or without stimulation with rIFNg at several doses and time points.
Cancer cell lines from the C57BL/6 background, including RM9 prostate cancer, ID8 ovarian carcinoma, and B16-F10 melanoma, were Figure 3A , 0 h). Following 24 h of stimulation with rIFNg, the frequency of ID8, RM9, and B16-F10 cells expressing MHC class I increased dramatically relative to baseline levels ( Figure 3A) . Extending stimulation to 48 h further increased the percentage of MHC class I + RM9 and B16-F10 cells, but not ID8 cells. In all three cell lines, the amount of MHC class I expressed per cell, as determined by geometric mean fluorescence intensity (MFI), was significantly increased after 48 h ( Figure 3B ). ID8 and B16-F10 cells had the highest capacity to upregulate MHC class I, whereas ID8 cells had the greatest expression level per cell following rIFNg stimulation ( Figures  3A and 3B ).
MHC class II expression was very low prior to stimulation with rIFNg in all three C57BL/6 cancer cell lines tested ( Figures 3C and 3D ). Following stimulation with rIFNg, the frequency of ID8 and B16-F10 cancer cell lines expressing MHC class II significantly increased ( Figure 3C ), again in a time-dependent manner. The MFI of MHC class II also significantly increased in ID8 and B16-F10 cancer cell lines ( Figure 3D ). Despite being capable of upregulating MHC class I, we were unable to induce MHC class II expression on RM9 cells (Figures 3C and 3D ). (Figure 4B) . Likewise, the MFI for MHC class I was not increased over time, even in CT26 cells that had the lowest MFI compared to both CT26.CL25 and K7M2 ( Figure 4C ).
These findings demonstrate key differences in both the baseline expression and capacity for upregulation of MHC molecules on tumor cell lines from different mouse strains following stimulation with rIFNg. Due to these differences, each transplantable tumor model should be tested to determine baseline and induced expression of MHC molecules when optimizing the co-culture assay.
Detection of Rare Populations of Tumor-Specific T Cells
Tumor-specific T cell responses induced by antigen-agnostic immunotherapies could be detected with our co-culture method in cancerbearing BALB/c and C57BL/6 mice ( Figure 5 ). However, primary T cell responses to immunotherapies can often be of low magnitude. Notably, our method could resolve responses that averaged only one tumor-specific T cell/10 mL of blood ( Figure 6A ).
Induction of low numbers of tumor-specific T cells is expected from many immunotherapies as they attempt to reactivate the immune system against self-derived, weakly immunogenic cancer antigens. This can be particularly problematic for cancer vaccines that use OVs to express defined TAAs, where the most robust responses were to virus backbone-derived antigens. 19 Acquiring maximal volumes of blood from experimental animals will maximize the chance of detecting rare tumor-specific CD8 + or CD4 + T cells. To further facilitate detecting low-magnitude responses, we recommend aliquoting processed leukocytes such that two-thirds get co-cultured with cancer cells (i.e., test sample) and only one-third get cultured alone (i.e., negative control).
Preparation of Internal Experimental Controls
Controls must be included in each experiment to support interpretation of results.
The inclusion of a positive control is critical to ensure that technical aspects of staining and flow cytometric assessments were performed correctly. For each experiment, include one sample of processed leukocytes that are stimulated with PMA (10 ng/mL) and ionomycin (1.5 mg/mL) in parallel with test samples. PMA and ionomycin non-specifically activate T cells. 20 Aside from acting as a positive control for staining, this sample can be used to assist with gating during flow cytometry analysis. could be considered to help prove the specificity of T cell responses. Specifically, leukocytes could be co-cultured with a different cancer cell line from the same mouse strain. Responses detected using this control would be indicative of either non-tumor-specific T cells or T cells responding to tumor antigens conserved among the target and off-target tumor cell lines. Another alternative would be use an immortalized but non-malignant cell line that would have less chance of sharing tumor antigens. As with the target cell line, any other control cells would need to be tested for baseline and rIFNg-inducible expression of MHC.
Determination of the level of expression of MHC on cancer cells: this co-culture method relies on the expression of MHC molecules on autologous tumor cells. Therefore, seeding two wells with tumor cells only is important. One sample should have been unstimulated and the other treated with rIFNg. These controls can be stained with viability dye and anti-MHC class I and class II to help interpret results from test samples. Our data suggest that this control is especially critical for applications involving tumor cell lines from the C57BL/6 mouse strain (Figure 3 ).
Anticipated Results
Detecting Tumor-Specific CD8 + T Cells in Transplantable Tumor
Models in BALB/c Mice BALB/c mice were challenged intravenously with syngeneic K7M2 osteosarcoma cells to establish lung metastases. Mice were treated with an infected cell vaccine immunotherapy after challenge. Ten days later, blood-derived leukocytes were co-cultured with K7M2 cells that had not been pre-treated with rIFNg because they constitutively expressed high levels of MHC class I. Following co-culture, CD8 + T cells were analyzed by flow cytometry for intracellular expression of IFNg and TNF-a. Tumor-bearing mice that were untreated had either undetectable or very low numbers of tumor-specific (IFNg + ) CD8 + T cells ( Figure 6B , top panel). In contrast, mice treated with the immunotherapy had detectable tumor-specific and polyfunctional (IFNg + TNF-a + ) CD8 + T cells in circulation ( Figure 6B , bottom panel). The mice receiving immunotherapy had a significantly higher total number of tumor-specific CD8 + T cells ( Figure 6A ) compared to untreated mice.
To further examine tumor-specific CD8 + T cell responses in BALB/c mice using our co-culture method, we pooled data from multiple experiments using transplantable tumor models in which mice were treated with antigen-agnostic immunotherapies (i.e., oncolytic virotherapy or an infected cell vaccine). Blood was sampled 10 days following the immunotherapeutic intervention. Mice treated with immunotherapy had a significant increase in the total number of CD8 + T cells in circulation ( Figure S1A ). The frequency of tumorspecific blood-derived CD8 + T cells of untreated mice and mice receiving the immunotherapy were assessed using the co-culture assay ( Figure 5A ). The background frequency of responding IFNg + CD8 + T cells from untreated tumor-bearing mice was very low To determine if the co-culture method could be used to detect cancerspecific CD8 + and CD4 + T cells after antigen-agnostic immunotherapies in C57BL/6 mice with transplantable tumors, we challenged mice with ID8 ovarian carcinoma cells in the ovarian bursa. 21 Sixty days post challenge, we treated mice with OV monotherapy and analyzed blood for circulating tumor-specific CD8 + and CD4 + T cells 10 days later. Since stimulation with rIFNg is required for expression of MHC class I and class II on ID8 cells (Figures 3 and  7A) , we compared the co-culture assay with or without pre-stimulation of ID8 target cells with rIFNg.
Samples analyzed without any co-culture yielded low numbers of IFNg + CD8 + and CD4 + T cells ( Figures 7B and 7C, respectively) . Samples analyzed by co-culture without prior stimulation of ID8 cells with rIFNg also yielded low numbers of IFNg + CD8 + and CD4 + T cells in circulation and was not significantly different from samples analyzed without co-culture. In contrast, when samples were analyzed by co-culture with prior stimulation of ID8 cells with rIFNg, a significantly higher number of tumor-specific IFNg + CD8 + T cells were detected compared with co-culture without pre-stimulation. Co-culture with stimulation also detected a significantly higher number of tumor-specific IFNg + CD4 + T cells in circulation compared to co-culture without pre-stimulation. These data indicate that CD8 + and CD4 + tumor-specific T cell responses were detectable using the coculture assay, but there was a strict requirement for stimulation with rIFNg to upregulate MHC molecules for presentation of cognate cancer cell-derived antigens to T cells.
With the knowledge that tumor-specific CD8 + T cell responses can be detected by co-culture with rIFNg, we pooled data from multiple experiments to determine the expected tumor-specific CD8 + T cell responses to OV monotherapy in transplantable tumor models from the C57BL/6 background. In all experiments, tumor-bearing mice were treated with an OV monotherapy and blood-derived tumor-specific CD8 + T cell responses were quantified using the co-culture assay using autologous tumor cells pre-stimulated with rIFNg. Mice treated with immunotherapy had a significant increase in the total number of CD8 + T cells in circulation ( Figure S1B ). Pooled analysis of samples from untreated mice yielded equivalently low frequencies of tumorspecific IFNg + CD8 + T cells whether or not they were co-cultured with cancer cells (Figure 5B ). Tumor-specific CD8 + T cells were not detected in mice treated with antigen-agnostic immunotherapies when analyzed without co-culture and were not significantly different from untreated mice analyzed with or without co-culture. In contrast, We also pooled data from multiple experiments wherein C57BL/6 mice were treated with OV monotherapy and analyzed the overall capability to detect tumor-specific CD4 + T cells in circulation. Only co-culture of leukocytes from treated animals with rIFNg-stimulated cancer cells revealed tumor-specific CD4 + T cell responses (Figure 5C ). These data demonstrate that the co-culture method can be used to detect both tumor-specific T cells from the circulation of C57BL/6 tumor-bearing mice. To validate the co-culture method for detecting tumor-specific CD8 + T cells, we directly compared it to the method of ex vivo re-stimulation with peptide, which can be considered a gold standard. 22 B16-F10 melanoma cells express high levels of the TAA DCT, which is a component of the melanogenesis pathway. 23 The immunodominant CD8 + T cell epitope for DCT ) is well defined in C57BL/6 mice. For re-stimulation of T cells, DCT 180-188 peptides were introduced into the ex vivo culture of blood-derived leukocytes of mice that had been vaccinated with a previously described replication-deficient adenovirus (Ad) expressing the defined antigen DCT. 24 When added at a high concentration, this peptide can directly bind to MHC class I molecules on the blood-derived leukocytes. Any T cells expressing cognate T cell receptors would become activated and begin expressing IFNg and TNF-a, which could be quantified by flow cytometry. We knew we would be able to readily detect DCT-specific CD8 + T cell responses with the ex vivo peptide re-stimulation assay using mice vaccinated with the Ad-DCT vaccine. We hypothesized that we would also be able to detect these responses using the leukocyte-cancer cell co-culture assay when using B16-F10 cells pre-stimulated with rIFNg as the source of DCT. (Figure 8 ). The highest responses were detected in vaccinated mice by re-stimulation with peptides. Although mean responses were slightly lower using the co-culture method, they were significantly higher than unvaccinated mice and did not differ significantly from the mean response determined by the peptide re-stimulation method. These data show that the antigen-agnostic coculture method can reliably detect tumor-specific T cell responses against a defined target antigen and that the sensitivity matches that achieved by ex vivo re-stimulation with peptides. This is impactful because the co-culture assay depends on the endogenous expression level of DCT in B16-F10 cells and the induced expression level of MHC class I, which can exceed 90% following 48 h of stimulation with rIFNg. Further, these data extend the utility of the co-culture method beyond blood-derived leukocytes, to include splenic T cells.
Detecting Virus-Specific T Cells by Co-culture
Since cancer cells can be induced to express MHC molecules, we hypothesized that the co-culture system could be manipulated to detect T cell responses to undefined exogenous antigens, including viral antigens, by using permissive infected cells to present antigens. To test this, we vaccinated C57BL/6 mice intramuscularly with 5 Â 10 8 PFU of Ad-DCT. Ten days later, mice were sacrificed and splenocytes were processed to analyze Ad-specific CD8 + T cell responses with the coculture method. To detect viral antigens by co-culture, we pre-stimulated ID8 cells with 50 U rIFNg to upregulate expression of MHC class I. To present viral antigens to T cells, we infected the pre-stimulated ID8 cells with Ad-DCT at a multiplicity of infection of 10 12 h before initiating the co-culture. To assess the requirement for rIFNg www.moleculartherapy.org stimulation, we included an unstimulated ID8 cell co-culture control for both vaccinated and naive mice.
The frequency of IFNg + CD8 + T cells in the spleen was low in samples from naive mice, with no significant difference between those cocultured with infected ID8 cells with or without pre-stimulation with rIFNg ( Figure S2 ). In contrast, IFNg + CD8 + T cells were readily detected in the spleens of Ad-DCT-vaccinated mice, but only when they were co-cultured with ID8 cells pre-stimulated with rIFNg and infected with Ad-DCT. The detection of Ad-specific CD8 + T cells required pre-stimulation of ID8 cells with rIFNg, as co-culture with unstimulated but infected ID8 cells was significantly shown and data were analyzed via two-tailed t tests.
lower and did not differ from the same co-culture technique with naive mice.
These data suggest that the co-culture method can be expanded to allow for the detection of T cell responses to additional classes of undefined antigens, as long as the antigens can be delivered to cell lines that express MHC molecules and for which the host has no pre-existing immunity. As we have shown here, this can include detecting responses to viral vectors. One can envision expressing a vaccine target from cancer cells by transfection or stable integration and using the co-culture method to detect vaccine-induced T cell responses against that target.
In conclusion, the leukocyte-cancer cell co-culture method presented here can be used to detect tumor-specific T cell responses to antigen-agnostic immunotherapies. It is applicable to transplantable tumor models in multiple strains of mice but requires expression of high levels of MHC class I and/or II on the cancer cells that are targeted in the assay. We demonstrated that the tumor cell lines CT26.CL25, CT26, and K7M2 from the BALB/c background constitutively express MHC class I and do not need to be stimulated with rIFNg to detect CD8 + T cell responses. However, these tumor cell lines are refractory to expression of MHC class II, even following stimulation with high doses of rIFNg, making detection of CD4 + T cell responses unlikely. In contrast, the tumor cell lines ID8, RM9, and B16 from the C57BL/6 background require stimulation with rIFNg to induce MHC class I and class II. In addition to IFNg, type 1 IFNs are capable of modulating expression of MHC class I and class II on cancer cells [25] [26] [27] and could be a useful alternative pre-treatment for cancer cells with disrupted type 2 IFN signaling. In vivo, we were able to detect primary tumor-specific CD8 + and CD4 + T cell responses to an antigen-agnostic immunotherapy in C57BL/6 mice. We recommend this co-culture method as an affordable tool for detecting tumor-specific blood-derived T cell responses when target antigens are undefined. This method should be broadly applicable to the assessment of antigen-agnostic vaccines and antiviral responses in a variety of tissues. However, when using blood, this technique allows for correlation analysis between tumor-specific T cell responses and efficacy, and, because blood sampling is not a terminal procedure, it facilitates determination of response kinetics.
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